Resonant Raman scattering of quantum wire in strong magnetic field 



Hyun C. Lee 

Asia Pacific Center for Theoretical Physics, 130-012, Seoul, Korea 

The resonant Raman scattering of a quantum wire in a strong magnetic field is studied, focused on 
the effect of long range Coulomb interaction and the spin-charge separation. The energy-momentum 
dispersions of charge and spin excitation obtained from Raman cross-section show the characteristc 
cross-over behaviour induced by inter-edge Coulomb interaction. The "SPE" peak near resonance 
in polarized spectra becomes broad due to the momentum dependence of charge velocity. The broad 
peak in the depolarized spectra is shown to originate from the disparity between charge and spin 
excitation velocity. 

PACS numbers: 71.45.-d, 73.20.Dx, 78.30.-j 

The edges of quantum Hall (QH) bars or the quantum wires (QW) in strong magnetic field jl],|| provide clean 
experimental verifications of many interesting theoretical predictions of Luttinger liquids j^J. Recent studies have 
shown that the long range Coulomb interaction (LRCI) brings new effects into these systems Basically LRCI 

causes a cross-over from Fermi/Luttinger liquid phase to a phase where inter-edge Coulomb interactions dominates. 
An example of the cross-over in terms of the charge density wave correlation function is j^,|8| 

c(x) ~ I (^)~ 2/ ^ x < w , m 

where t, W, and kp are the magnetic length, the width of the Hall bar, and the Fermi wavevector. As shown in 
Eq.([j]), the cross-over length scale is given by the width of the Hall bar. The physical origin of the cross-over scale is 
the spatial separation of left and right moving electrons in QW in strong magnetic field, and it makes QW in strong 
magnetic field distinct from ordinary QW. Below the cross-over momentum scale, the mter-edge Coulomb interaction 
is effective, and the electron liquids become non-chiral. Above the scale the the mier-edge Coulomb interaction is 
negligible, and the electron liquids become chiral (left and right moving modes are decoupled). The physical effects 
of the cross-over scale were first studied in the edge states of Quantum Hall effects, and the tunneling conductances 
and the various density-density correlation functions were found to be drastically modified at low temperature and 
energy j^,|)],[lO| . The spin charge separation is one of the conspicuous features of one dimensional electronic system. 
The singular effects of LRCI do not influence the properties of spin excitations thanks to spin-charge separation [|ll| . 

We have investigated the properties of the QW in strong magnetic field focusing on the effect of LRCI and the 
spin-charge separation in the light of Raman scattering. The energy-momentum dispersion relation of charge density 
excitations exhibits the singularity coming from LRCI and the characteristic cross-over behaviour. The dispersion 
relation of spin density excitations shows much weaker cross-over behavior mainly due to the lack of singular LRCI 
effect. A very unique feature of Raman scattering of quantum wire is that by adjusting the polarization and the 
resonance condition, the charge and spin density excitations can be probed selectively |12]. The so-called "SPE" 
peak which appears near resonance jl2j (see below) is also found to be strongly influenced by the LRCI and the 
spin-charge separation effect. The charge contribution to the "SPE' peak in the polarized configuration is broadened 
by the momentum dependence of charge velocity, while the spin contribution to the "SPE' peak in the polarized 
configuration remains sharp. The "SPE' peak in the depolarized configuration becomes very broad, which is due to 
the disparity between charge and spin velocity. Basically, it is of the same origin as that of the incoherent nature 
of electron Green functions in Luttinger liquid. The magnitude of Raman scattering cross section is enhanced or 
suppressed depending on the polarization configuration by a factor determining the cross-over. For explicit results, 
see Eq.(|lT 
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The Raman spectroscopy is a very powerful probe in investigating the physical properties of one dimensional 
electronic systems. In particular, the dispersion relations of collective and single-particle excitations can be measured 
Jl|. Away from the resonance condition, the charge density excitation has been identified in the polarized spectra in 
which the polarizations of incident photon and scattered photons are parallel, while the spin density excitation has 
been identified in the depolarized spectra where the polariztions of incident and scattered photons are perpendicular. 
Near the resonance, the additional structures("SPE" peak |l2[ ) have been observed in both spectra, and there have 
been several studies on the physical origin of the structures in the resonant Raman spectra [ p^| , pT| -[Tg|] . Especially, 
Sassetti and Kramer Jl2| attributed the origin of the additional peak in the polarized Raman spectra near the resonance 
to the collective ID intra-band spin excitations. The additional peak was shown to originate from the higher order 



term in the Raman cross section related to the resonance condition. For the depolarized spectra, the broad peak 
feature of the scattered intensity as a function of frequency shift was predicted, which is due to the simultaneous and 
independent propagation of charge and spin excitaion. 
In the standard theory of Raman spectroscopy, the differential Raman cross section is given by [E2U2G] 



d 2 a f e 2 \ 2 LUf n u + 1 



dflduj V mc2 J t-^i 7T 



Im X (q,o;), X (q,t) = ([^(q, i), 7V(q, 0)]), 



N(q) = JJ^j 4( k + q) c s ( k ). = ePu _ 1 , q = ki-k/, u = Ui-u f , (2) 

where and c s (k) is an electron operator with momentum k and spin s and kj(n, e,y) are the momentum, 

energy, and polarization vector of the incident (scattered) photons, respectively. The coefficents of the scattering 
operators iV(q) are given by 

7 S =70 (et ■ e/ +is|e,- X e/|), D(k) = E c (k + q) - ^(k + q - k*) - Tk^. (3) 

The Eq.(^) assumes only one conduction and valence band. E c and E v are the conduction and valence band energies 
in the effective mass approximation. 70 is the transition matrix element between valence and conduction band, which 
is assumed to be constant. Even in the presence of the external magnetic field the Eq.(^||) are valid. In particular, the 
spin dependence remains intact because the Hamiltonian of QW in a strong magnetic field conserves the z-component 
of the spin and because the denominator D(k) depends only on the difference in energy between conduction and 
valence band. Therefore, if we neglect the band dependence of g-factor, the spin dependence remains intact. The 
matrix element 70 depends on the orbital part of the single particle Hamiltonian, and it may acquire momentum 
dependence, but we neglect them. 

We adopt the following model for a quantum wire in strong magnetic fields (or equivalently a narrow Hall bar 
H,|l|). When the transverse motion is confined by a parabolic potential the single-electron energy levels are given by 
E n ,k — (n + l/2)fio + ij^ - ! where the enchanced longitudinal mass is m = m* (Oo / 'too) 2 . The subband energy spacing 
is fio = y 'oj 2 + u!q , where oj c = eB/m*c is the cyclotron energy and ojq is the frequency of the harmonic potential. 
The electronic wavefunction at the Fermi wavevectors kp, r ,s of the lowest magnetic subband is given by 

^'W) = ^JTJm exp I u 2 )' (4) 

where t = (h/mQo) 1 / 2 , R 2 = hu c / (mf2g) , T = R(L) for the right (left) branch, and y is the transverse coordinate 
p2[ . Because of the large longitudinal mass at fields where lo c > luq all the electrons can be accommodated in the 
lowest magnetic subband. Each branch r consists of spin-up and -down edges (s =f , J,). The intra branch LRCI are 
given by (7 is Euler constant.) ]7|j23|] 

VgT = _^^ ^ r = -^m2^, (5) 

and the inter branch LRCI are given by 

K,T i" = V K °b W \\J> V *T = V K o(9W±). (6) 

Here W\\ s = \kF,R, s — kp,L, s \R 2 and W± = \kp t ji,s — kp,L,-s\R 2 , which are order of the width of QW. In the study 
of Raman scattering, the small differences among W\\ a , W± are inessential, though they play a very important role 
in the inter-edge spin correlation functions and tunneling conductances |],|24|] . Kq (x) is the modified Bessel function, 
which behaves like — In x in the limit of small x and eT x j^fx for large x. Therefore, the inter-edge LRCI is negligible 
for the momentum q > max(l/W|| s , 1/Wj_). The associated cross-over energy scale is given by aj cr = vo — f^, 
where W(~ W ts ~ W±) is the width of QW. 

It is convenient to use charge and spin density operators p r>q — Pr -i-i^f r 'i-t and o rA — SnM—£n3d _ xhe bosonized 
Hamiltonian can be written as a sum of the charge, spin, and mixed terms H = H p + H a + SH, where 

TTVF V"^ 1 ^ T/ intra , 2 ^ t /-inter f*7\ 

U P = — 2^ ■ Pr,Q Pr-q ■ + £ 2^ V P,1 ■ Pr,<l Pr-q ■ 2^, V P,<i PR,qPh-q, (") 

r,q^0 r,q q 
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H a - ^ : <7r,q<7r-q : + ^ a r,qO r -q ■ +y ^ V^** a R,q a L-q: (8) 

r,q^O r.q q 

Tj- ^ r 

<5# = 2<k> F - ^ cr r , g p r ._ 9 + - ^ (5V g intcr [cTR,gP£ - 9 + CTL :9 PR,-q\ , (9) 

i^inter _i_ T^intcr T^intcr T^intcr 

T/inter _ 9.II.T 9,114 sr./intcr _ 9,114 9,114 

~ 2 ' q ~ 2 ' 
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K 9,ll 
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Note that in the effective Hamiltonian, the charge and spin degrees of freedom are separated except in SH ||. It is 
convenient to introduce 



v P ± = v F 



T/intra T/inter / / \ \ 1/2 

7T TT \Vp-(q)J V 

yintra yinter / / s x 1/2 

^±^- >Uq) =(^m) , „ a ( g ) = V^ + (gK_(g). (11) 



In the high momentum regime g > where the inter-edge LRCI can be neglected, the velocities are given by 

2 

v p + = v p - =v p = v F + v In — , £ p (q) = 1 

«cr+ = *V- = w CT = «f + «o In — ~«F, £<r(q) = 1- (12) 



In the low momentum regime g < 1/W where the inter-edge LRCI is effective, the velocities are given by ( W\\ 



1 /WjlWi.Nl/2 / 1 / 1 

Vl- = 2u o Inr-rj, u p _ = "f + u In ( , v p ~ v Jln—, £ p (q) oc Win — 

M« V a||a_L / V V I 9 ' 

. /a_LWj\i/2 /W||a_LN 1/2 

= Wf + v m — - , IV- = «F + v In — — — , £ CT ~ 1, V<r~V F , (13) 

V ay KV|| / Vay W± I 

where d = Z e _5 "o {W\\ W±a\\aj_) l / i - Note the cross-over behaviour of the charge velocity v p (q) and the inter-edge 
Coulomb factor £ p (q). The spin velocity v a and £ a is very weakly renormalized by the Coulomb interactions since the 
differences among the length scales are negligible. 

Next we turn to the computation of the correlation function x(<?,^)- Away from the resonance, namely, hv F q << 
\Eq — fict>i| and Too « \Eq — Tvu)i\, the momentum dependence of -D(k) can be neglected. Here, Eg is the distance 
between the conduction and valence band at the Fermi wave vector in the effective mass approximation. Then the 
scattering operator N(q) can be simplified to fl2|| 

N (<i) = Eg _ nuj _ [*i ■ e/ p(q) + i\e t x e f \a{q 

p(q) = pt(q) +Pi(q)> °"(q) = pt(q) -pi(q)- (1 4 ) 

Depending on the mutual polarizations (parallel, or perpendicular) of the incident and scattered photons, only the 
charge or spin density operator contributes to the Raman cross section, respectively. This is the classical selection rule 
of Raman spectra of quantum wires and dots, which is valid in the lowest order of rE~^T| > \Ea-huj \ P^[ - Close to 
the resonance such that Hui ~ Ec + hvpq the momentum dependence of D(k) should be taken into account. Following 
Sassetti and Kramer [fl2| we expand the 77^) to include the momentum dependence (assuming back scattering hi = q/2 
and the lincrization approximation), we get the two leading contributions to the scattering operator N(q). 
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AN[ r \q) = - gL-^ g 7s vp (rk - k F ) c Wt(fc + g) c W(fc), r = R,L = ±1, (15) 
AtfJ r) (g) = - ^ E 7 s 4 r), (Hg)cW(i). (16) 

For the explicit computations of the correlation function x(<ZiOj the above operators should be bosonized. The 

operator AN^ (q) can be bosonized immediately , and A n[ (q) can be bosonized by using the commutation relation 

\Prs(q), Prs(q')] = ~ I 2^T 3q+q' ,o- In terms of the charge and spin density operators, the bosonized A7Vi(g) = ^ r AN^ 
reads 



where :: denotes the normal ordering with respect to the filled Fermi sea. 

First, consider the polarized configuration, ej • e/ = 1. In the lowest order of the J^S^ , only the charge density 
operator contributes to the correlation function \(q,u>) (See Eq.(14)). The correlation function can be computed 
straightforwardly. 

Im Xp (q,w) = (E ^%)2 5~ X (g) S ( u ~ «/»(g)g)- ( 18 ) 
The energy-momentum dispersion is given by to = v p q, and it should exhibit the cross-over 

q> W, 

«p(ff)~T.. AT^T- _w ( 19 ) 




The dispersion in the Coulomb dominated regime is of the plasmon type , H , B^ , CT .One notable feature is the 
suppression of the scattering intensity at low momentum q < 1/W due to the inter-edge Coulomb factor ^ p ~ 1 (q). The 
typical width of the quantum wire is [ W ~ 750A] pi, which is 1 x 10 5 cm 1 in the wave number units, and it means 
the inter-edge LRCI is operative for q < 1 x 10 5 cnT^. The typical momentum transfer in Raman scattering process 
of QW is also of the order of 1 x 10 5 cm -1 Therefore, the cross-over into the Coulomb dominated regime could 
be observed in the Raman scattering experiment. 

Near the resonance, the contributions from the correlation functions of the additional scattering operators ANi(q) 
have to be included. The contributions from the charge part of ATVi is 

ImXp 1} (g>^) = fv hVF J°\i E M?-p)(£p(p) + F7^") 
(Eg fiuji) o<p<q &(P) 

x 8(w ~ qv p (q - p) - p{v p (p) - v p (q - p))). (20) 

If the velocity of charge excitation v p were momentum independent like in Luttinger model, the delta function part 
would simplify into 8{u> — v p q) which is independent of p,and the sharp delta funtion type peak would appear as in 
Eq. (|l8|) . However, due to the momentum dependence, the sharp peak is broadened. If q < 1/W, 



ImXp 1) ('?,^) ~P*p{q-P* P ) max(£ p (p* p ),£ p (q-p*)), for v qJ]xi^ < uj < v Q qJ\o^ 
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where vq ~ I s - win—, p* = y= . Note that the scattering intensity is enhanced by the inter-edge LRCI 

factor max(£ p (p*), £ p (g —£>„)). In the polarized configuration there also exists the contribution from the spin sector. 
In constrast to the charge excitation velocity the spin excitation velocity is independent of momentum once the 
momentum is lower than 1/W. (See Eq. (|l2] , [l3| )) As a consequence, the broadening from the momentum dependence 
of velocity is absent . If q < 1/W, 

Im ^^) = (Ea-'nS q3 6{UJ ^ ^ + Cl) - (22) 
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which is qualitatively different from the charge contribution (^l]). £ CT + £<7 1 is a contribution from the inter-edge 
interaction, and it is constant. Accordingly, even for the QW in a strong mangetic field in the Coulomb dominated 
regime, the "SPE" peak jl2| near resonance exists, which is solely due to the collective intra-band spin excitations. 
In passing we note that the sharp peak would appear both in charge and spin channel in Luttinger liquid. The 
contributions from the operator AA^g) is 

W 2) (^) = ^r^Wff)%-¥). (23) 

It is similar to Imx P (g,o;), but the Coulomb interaction enhances the Raman scattering cross section. 

Second, consider the depolarzied configuration |ej X e/| = 1. In the lowest order of E _f^ UJ . , only the spin operator 
contributes to the correlation function. 

W 0) (?,") = (E G ^i)^ {q)&{u ~ vM) - (24) 

The spin excitation velocity is constant except near the cross over region q ~ 1/W. In most other region, the 
dispersion is Luttinger like u> = v a q. There is a also inter-edge LRCI factor but its effect is almost negligible 

in the present context |J and it is constant. The additional contriubution from AiVi(g) near the resonance gives the 
broad peak in a certain range of frequency both in the Luttinger fl2|| and in the Coulomb dominated cases as ours. The 
broad peak originates from the disparity between charge and spin velocity and from the simultaneous and independent 
propogation of charge and spin excitations. The origin of the broad peak is also related to the incoherent nature of 
the electron Green function in Luttinger model, but it has nothing to do with that of Imxp 1 ^ (q, oj) in the polarized 
configuration [see Eq.(^l"|)]. In the Couloumb dominated regime, the frequency range of broad peak ( q < 1/W) is 

qv a < oj < qvo ^Jln Note that the lower bound is given by spin excitation energy scale, while the upper bound is 

given by LRCI scale, and this clearly demonstrates the origin of broad peak explained above. For uj ~ qv a , an explicit 
result of the correlation function is given by 

Imx (1) (<?,w) ~ TEr—^T^Po {q~Po) m ax(£ p (p ), - Po)) +max(£ CT (po),£a(g -p )), (25) 
\pG — rUJi) 

where »n = < ^-i v ")J v o Note the Coulomb enhancement factor is the sum of that of charge and spin contribution. 

In summary, we have studied the effect of LRCI on the resonant Raman scattering of QW in a strong mangetic field. 
Due to the spatial separation of left and right moving electrons in strong magnetic fields a new Coulomb momentum ( 
and energy) scale emerges, and the Raman scattering clearly reveals the scale and the associated effects. Because the 
typical Coulomb cross-over momentum scale is the same order as the typical momentum transfer in Raman process, 
our predictions can be verified experimentally. 
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